Introduction {#Sec1}
============

The aging population is a positive manifestation of developed and industrialized countries \[[@CR18]\]. In these countries, old people manage to preserve general activities and sufficient mobility. The increasing number of joint replacement surgery and revision arthroplasty procedures, especially of the large joints of the lower extremities, is understandable \[[@CR4], [@CR18], [@CR21]\]. According to the German Endoprosthesis Register more than 25% of revision surgeries on artificial hip joints were indicated due to loosening of the acetabular cup \[[@CR4]\]. In other reports the acetabular component was affected twice as often as the stem \[[@CR9], [@CR21]\]. Revision surgery of the acetabular cup has to ensure stability of the acetabular component and restore the center of rotation of the hip joint. These prevent migration, recurrent loosening and dislocation. The results after revision surgery of hip arthroplasty are difficult to compare because of the diversity of the revision components used, the different classifications of acetabular bone defects and the insufficient documentation of the initial clinical findings \[[@CR6], [@CR7], [@CR13], [@CR15], [@CR22]\]. There are several published classification systems for acetabular bone defects in THA \[[@CR1], [@CR3], [@CR5], [@CR11], [@CR12], [@CR19], [@CR20]\]. Although similarities exist between classification systems, each one has a unique grading scale ranging from mild to severe bone defects \[[@CR17]\]. Precise planning of the operative procedure is indispensable. The bone structure must be analyzed and classified with respect to bone loss. A preoperative AP overview of the pelvis does not enable an adequate assessment of the three-dimensional extent of the bone defects \[[@CR1]\]. Important additional information about the anterior and posterior acetabular columns can only be obtained by means of special X‑ray techniques through the ala and obturator views, as well as in the faux profile view. Computer tomographic imaging, although limited by metal artifacts, still provides further information on the intraoperative need for special implants or bone grafts; however, it is only the intraoperative finding after the removal of the implants that provides complete clarity of the bony configuration of the acetabulum \[[@CR7], [@CR9]\]. A practical, reproducible and valid classification system is needed not only for preoperative planning but above all for scientific evaluations and comparisons. Some of the previously known classifications undoubtedly gained wide acceptance; however, these classifications also have weaknesses, which were described in the literature as too coarse, too confusing or too complex \[[@CR1], [@CR7], [@CR9]\].

The purpose of this study was to provide a practical and contemporary classification system that is reliable and pragmatic with respect to perioperative evaluation, planning, scientific comparison and analysis.

Material and methods {#Sec2}
====================

Prior to the start of the investigation, the ethics committee of the local university was consulted. After examination, a positive vote was issued. The vote-number of the audit authority is 083/19-ek.

The classification system of acetabular bone defects that is recommended is based on a retrospective study of surgical interventions performed in this department. As part of this monocentric retrospective case analysis, patients were identified in this clinic from January 2009 to December 2018 who had received acetabular revision surgery after THR due to loosening of the acetabular cup. This was done by computerized searching for the ICD 10 diagnostic keys and operative reports in the hospital's own documentation software (SAP AG, Walldorf, Germany). The study group included patients with indications for acetabular revision surgery due to loosening of the acetabular cup after THR identified independent of the study. A written consent was documented in all cases. In order to have a homogeneous collective of patients for this study, patients with septic loosening where explantation of the endoprosthetic components was carried out and reimplantation was performed in a further setting were excluded. Accordingly, 188 cases were identified. Furthermore, 28 cases in which the operative report did not provide an exact description of the bony configuration of the acetabulum were also excluded. Accordingly, a total of 160 patients, 69 males and 91 females, could be identified for the corresponding period. The patients were treated with implants according to the bony configuration of the acetabular cup. Implants from the following companies were used: AQ Implants (Ahrensburg, Germany), currently AQ Solutions GmbH (Hürth, Germany), DePuy-Synthes (Part of the Johnson & Johnson Family of Companies, USA), Mathys AG (Bettlach, Switzerland) and Peter Brehm GmbH (Weisendorf, Germany). The assessment of the acetabular defect was based on the standardized planning images (pelvic overview and axial view of the hip joint), computerized preoperative planning as well as computed tomography (CT scans) in individual cases. In all cases, the strategy of the surgical procedures was discussed and scheduled during staff meetings. The final decision was made intraoperatively according to the acetabular defect situation. All patients were treated by experienced orthopedic surgeons in accordance with the internal standard operating procedures (SOP) guidelines. Prior to the revision at hand, most patients had had at least one or more revisions prior to implantation of the abovementioned revision cup (mean 1 ± 0.91). In all cases the preoperative radiological imaging, the operation report and the postoperative radiological imaging were examined. The median age of the patients was 70.5 years (range 45--88 years).

Results {#Sec3}
=======

According to the acetabular bony configuration remaining after removing the loosened cup, the revision cup needed was defined and the classification system was developed from this (Tables [1](#Tab1){ref-type="table"} and [2](#Tab2){ref-type="table"}). Figs. [1](#Fig1){ref-type="fig"}, [2](#Fig2){ref-type="fig"}, [3](#Fig3){ref-type="fig"}, [4](#Fig4){ref-type="fig"}, [5](#Fig5){ref-type="fig"} and [6](#Fig6){ref-type="fig"} show examples of each type of this classification.Table 1Type of revision cup used in this seriesNumber of patientsRevision cup used in the surgical intervention76Cementless hemispherical36Cementless oval46Cementless acetabular cup with cranial strap ± iliac stem or cup-cage system2Custom-made partial pelvic replacementTable 2Acetabular defect classification and management based on 3‑point fixationClassificationAcetabular bony configurationRevision cup neededType IPossible 3‑point fixation within the boundaries of the acetabular wall, hemispherical configuration of the acetabulumHemispherical (preferably cementless; cemented only in case of adequate cancellous bone structure and absence of bone defects)± allogenic cancellous boneType IIPossible 3‑point fixation within the boundaries of the acetabular wall, cavitary/oval configuration of the acetabulumCementless oval cups or spherical cups with augmentation parts± allogenic cancellous boneType IIIImpossible 3‑point fixation within the boundaries of the acetabular wall, cavitary configuration of the acetabulum with severe bone loss or pelvic discontinuityCementless acetabular cup with cranial strap ± iliac stem+ allogenic cancellous boneorcup-cage system+ allogenic cancellous boneType IVImpossible 3‑point fixation within the boundaries of the acetabular wall, pelvic discontinuity with major bone loss and destruction of iliac boneCustom-made partial pelvic replacementFig. 1Illustration of acetabular defect classification and management based on 3‑point fixation. *Red points* fixation points. Comment on type III: in cases of implantation of a revision cup with cranial strap and iliac stem, the iliac stem itself is an essential point of fixation. In cases of implantation of the a cup-cage system, the dome screw is an essential point of fixation. *Green points* point of contact with no fixation: type I treated with a spherical multihole cup (DePuy-Synthes); type II treated with an oval cup (AQ Implants, currently AQ Solutions GmbH); type III treated with a revision cup with cranial strap and iliac stem, AQ Implants, currently AQ Solutions GmbH) or with a cup-cage system (Peter Brehm GmbH); type IV treated with a custom-made partial pelvic replacement (AQ Implants, currently AQ Solutions GmbH)Fig. 2AP X‑rays of the hip (**a**) of a 62-year-old female patient with left-sided dysplasia and coxarthrosis, **b** primary THA in an external hospital, **c** loosening and dislocation of the acetabular cup, **d** revision of the acetabular cup of type I acetabular bone defect using a cementless press-fit hemispherical acetabular cup with additional screw fixation (Mathys AG). (Courtesy of the Department of Diagnostic and Interventional Radiology, University Hospital of Leipzig, all rights reserved)Fig. 3AP X‑ray of the hip (**a**) and axial view (**b**) of a 78-year-old male patient with cup loosening, type II acetabular bone defect; X‑ray of the hip AP (**c**) and axial view (**d**) after treatment with a cementless press-fit acetabular revision cup with additional screw fixation (cranial cup, AQ Implants) (Courtesy of the Department of Diagnostic and Interventional Radiology, University Hospital of Leipzig, all rights reserved)Fig. 4AP X‑ray of the hip (**a**) and axial view (**b**) of an 81-year-old female patient with cup loosening, type III acetabular bone defect; X‑ray of the hip AP (**c**) and axial (**d**) after treatment with an acetabular revision cup-cage component and allogenic cancellous bone (cup-cage, Peter Brehm GmbH) (Courtesy of the Department of Diagnostic and Interventional Radiology, University Hospital of Leipzig, all rights reserved)Fig. 5AP X‑ray of the hip (**a**) and axial view (**b**) of a 79-year-old male patient with cup loosening, type III acetabular bone defect; X‑ray of the hip AP (**c**) and axial (**d**) after treatment with an acetabular revision cup (cranial cup with an iliac stem and cranial strap) and allogenic cancellous bone (AQ Implants) (Courtesy of the Department of Diagnostic and Interventional Radiology, University Hospital of Leipzig, all rights reserved)Fig. 6AP X‑ray of the hip (**a**) and CT scan (**b**) of a 77-year-old male patient with cup loosening, type IV acetabular bone defect, **c** imaging show preoperative planning. X‑ray of the hip AP and axial (**d**, **e**) after treatment with partial pelvic replacement (AQ Implants). (Courtesy of the Department of Diagnostic and Interventional Radiology, University Hospital of Leipzig, all rights reserved)

The key criterion on which the classification is based, is whether or not a 3-point fixation of an acetabular cup within the boundaries of the acetabular wall was possible. The configuration of the bony acetabulum was taken into consideration (Table [2](#Tab2){ref-type="table"}). Minor segmental defects or cup loosening without bone loss can be treated with standard hemispherical acetabular components. Cavitary defects, particularly oval craniolateral defects, can be managed using oval cups or augmentation to restore the acetabular center. In all cases treated with a cementless hemispherical revision cup (76 cases, Table [1](#Tab1){ref-type="table"}), the results of preoperative X‑ray imaging and computerized planning were confirmed by intraoperative findings. A preoperative CT scan was not performed in these cases. In the majority of cases (30 cases out of 36; 83.33%) treated with an oval cementless revision cup (cavitary acetabular defects) the results of preoperative X‑ray imaging and computerized planning were confirmed by intraoperative findings as well (Table [1](#Tab1){ref-type="table"}); however, in 6 cases out of 36 (16.37%) the intraoperative findings showed further defects. Hence, 3‑point fixation within the boundaries of the acetabular wall was no longer possible and these cases were treated by cementless acetabular cup with cranial strap. Again, a preoperative CT scan was not performed in these cases.

The major challenge is dealing with significant bone loss and/or pelvic discontinuity. In all the remaining 48 cases (Table [1](#Tab1){ref-type="table"}) preoperative X‑ray imaging and computerized planning helped to anticipate the magnitude of bone loss. Therefore, CT scans were performed in all of these 48 cases (Table [1](#Tab1){ref-type="table"}) to enable better evaluation of the bony configuration of the acetabulum. Bone loss can be filled with bone grafts and/or treated with the appropriate acetabular component in order to ensure stable anchorage. Several acetabular components are designed to manage bone loss \[[@CR6]--[@CR9], [@CR12]--[@CR14], [@CR16], [@CR22]\]; however, there are still some cases with pelvic discontinuity with major bone loss and destruction of iliac bone. In these cases, conventional revision cups are no longer suitable and a custom-made partial pelvic replacement must be used.

Discussion {#Sec4}
==========

When grading acetabular defects in revision arthroplasty after THR there is a need for a universal and valid system \[[@CR17]\]. Precise classification of acetabular defects has always been a complex problem \[[@CR7], [@CR17]\]. Therefore, it is vital to provide a classification system that reliably describes the criteria of the acetabular structure and directly relates to surgical management.

In the literature, several classification systems were proposed and are widely used (Table [3](#Tab3){ref-type="table"}; \[[@CR1], [@CR3], [@CR5], [@CR11], [@CR12], [@CR19], [@CR20]\]). When discussing the several classification systems the interobserver (agreement between ≥2 observers) and intraobserver reliability (agreement between the same observer on separate occasions) are highlighted.Table 3Classification systems for acetabular defects*1. D'Antonio et al. classification* \[[@CR3]\]Type ISegmental deficiencya. Peripheral (superior, anterior or posterior)b. Central (medial wall absent)Type IICavitarya. Peripheral (superior, anterior or posterior)b. Central (medial wall intact)Type IIICombinedType IVPelvic discontinuityType VArthrodesis*2. Engh and Glassman classification* \[[@CR5]\]MildCavity = hemispherical, cancellous, intact rim = round, strong, intactModerateCavity = nonhemispherical, sclerotic, perforated rim = round, strong, intactSevereCavity = nonhemispherical, sclerotic, perforated rim = out of round, weak or broken*3. Gross et al. classification* \[[@CR11]\]ProtrusioContained defect with intact rim and columnsShelfDefect in rim and cavity with loss of 50% of acetabulumAcetabularDefect in one or both columns with 50% loss of acetabulum*4. Gustilo and Pasternak classification* \[[@CR12]\]Type IMinimal cavitary enlargement, loosening of the cement-prosthesis interfaceType IIThinned, nonperforated wall, loosening of the cement-prosthesis interfaceType IIILocal wall defect onlya. Anteriorb. Posteriorc. Superiord. CentralType IVMassive and global collapse or defect involving one or both columns*5. Paprosky et al. classification* \[[@CR19]\]Type ISupportive rim with no bone lysis or migrationType IIDistorted hemisphere with intact supportive columns and 2-cm superomedial or superolateral migrationa. Superomedialb. Superolateral (no dome)c. Medial onlyType IIISuperior migration 2-cm and severe ischial and medial osteolysisa. Kohler's line intact, 30--60% of component supported by graft (bone loss: 10 o'clock to 2 o'clock position)b. Kohler's line not intact, 60% of component supported by graft (bone loss: 9 o'clock to 5 o'clock position)*6. Saleh et al. classification* \[[@CR20]\]Type INo significant bone lossType IIContained loss of bone stock where there is cavitary enlargement of the acetabular cavity but no wall deficiencyType IIIUncontained loss of bone stock where there is b50% segmental loss of the acetabulum involving anterior or posterior columnType IVUncontained loss of bone stock where there is N50% segmental loss of the acetabulum affecting both anterior or posterior columns (if there is N50% loss of the acetabulum, involving mostly the medial wall but the columns are intact, then this type of defect is considered type II because of the availability of the columns for reconstruction)Type VAcetabular defect with uncontained loss of bone stock in association with pelvic discontinuity

The D'Antonio et al. classification system (Table [3](#Tab3){ref-type="table"}) was developed by the American Academy of Orthopedic Surgeons (AAOS) committee on the hip \[[@CR3]\]. This classification system undoubtedly gained wide acceptance. It distinguishes between segmental and cavitary defects. The original study involved the evaluation of 83 anteroposterior and lateral radiographs of the hip; however, this classification system did not address reproducibility or validity \[[@CR17]\]. Campbell et al. \[[@CR2]\] suggested that this system demonstrates poor reliability due to only the originator's intraobserver κ scores indicating moderate agreement (0.57). For the 3 residents and 3 experts, intraobserver κ scores of 0.37 were achieved by both groups, indicating poor agreement. Interobserver κ scores of 0.37 and 0.16, respectively, also indicated poor agreement for residents and experts \[[@CR2], [@CR17]\]. According to Gozzard et al. \[[@CR10]\], who evaluated the intraobserver reliability of this classification, the κ indicated poor reliability for consultants (0.37) and registrars (0.60). The interobserver reliability for consultant and registrars was 0.57 and 0.25, respectively; however, this study did not assess the validity \[[@CR17]\]. Engh and Glassman \[[@CR5]\] provided a simplified version of the AAOS classification (Table [3](#Tab3){ref-type="table"}). This system was developed by evaluating preoperative radiographs; however, intraoperative analysis of the defect types was not addressed. According to Johanson et al. this study did not address reproducibility or validity \[[@CR17]\]. The Gross et al. classification system \[[@CR11]\] presents a simplified system that focuses on the requirements and specifications for bone graft in the reconstruction. The system was originally developed by intraoperative assessment of 108 hips but was intended for use in assessing preoperative plain radiographs. Although intended to be used preoperatively during radiographic evaluation, the classification described by Gross et al. was originally developed intraoperatively "by visualization, palpation, and use of a trial cup" \[[@CR11]\]. Campbell et al. \[[@CR2]\] assessed the intraobserver reliability of this system by evaluating 33 hips with AP and oblique radiographs. The originators of the system had found a moderate intraobserver agreement (κ = 0.59); however, when attempting to reproduce these results using 3 residents and 3 experts, intraobserver κ scores of 0.47 were achieved by both groups, indicating poor agreement \[[@CR17]\]. Interobserver κ scores for residents and experts were 0.44 and 0.28, respectively \[[@CR17]\]. Campbell et al. did not address reproducibility or validity of this system \[[@CR2], [@CR17]\]. Gustilo and Pasternak \[[@CR12]\] provided a classification system that focused on both the conditions of the remaining bone and the failed endoprosthetic component (Table [3](#Tab3){ref-type="table"}). The system was developed using AP and lateral radiographs of 42 hips. According to the analysis of Johanson et al. \[[@CR17]\], the original study did not address reproducibility or validity.

The Paprosky et al. classification system (Table [3](#Tab3){ref-type="table"}) is based on the presence or absence of supporting structures, such as the acetabular rim, superior dome, medial wall, anterior and posterior columns, and the surgeon's assessment of these structures' capacity to support the revision prosthesis \[[@CR19]\]. This classification system gained wide acceptance \[[@CR7], [@CR22]\]. The original classification system was developed by evaluating 147 patients with AP X‑ray imaging, classifying each as type I, II, or III \[[@CR19]\]. In 92.5% of the cases preoperative assessment was confirmed by intraoperative findings; however, intraoperative validity did not use weighted κ scores or separate surgeons \[[@CR17]\]. Campbell et al. \[[@CR2]\] examined the Paprosky et al. system for interobserver and intraobserver reliability. They concluded that the Paprosky et al. system had poor reliability and should be "considered only as a general guide". Gozzard et al. \[[@CR10]\] assessed the reproducibility of the Paprosky et al. system by calculating κ scores for intraobserver agreement and found the system to be unreliable \[[@CR17]\].

The classification system proposed by Saleh et al. \[[@CR20]\] is based on the evaluation of the anticipated remaining bone stock following removal of the failed implant (Table [3](#Tab3){ref-type="table"}). According to Gozzard et al. and Johanson et al. \[[@CR10], [@CR17]\], this is the only classification that was rigorously tested by the original authors and the only one that has been shown to have interobserver reliability. Yet, this classification system did not specify the actual revision options that would be necessary for each type of bone defect \[[@CR10], [@CR17]\]. In 1997 Bettin and Katthagen \[[@CR1]\] provided the documentation of the German Society for Orthopedics and Traumatology (DGOT) for bone defects in hip revision arthroplasty. According to the authors, the limitation of this classification system lies in the fact that it is based on the evaluation of the preoperative radiographs. The authors stressed the importance of intraoperative evaluation after removal of the loosened cup. This system still has not gained wide application or citation in the literature.

The classification proposed in this study mainly relies on intraoperative findings, which might be regarded as a limitation; however, preoperative X‑ray findings and preoperative computerized planning corresponded to intraoperative findings in all cases of type I and in 83.33% of type II acetabular defects. The evaluation of preoperative radiographs in all remaining cases (type III and IV acetabular defects) led to performing preoperative CT scans to adequately assess the bony configuration of the acetabulum and the magnitude of bone loss. The intraoperative findings confirmed the magnitude of bone loss that were anticipated in preoperative X‑rays and CT scans of all cases with type III and type IV acetabular defects. Overall, intraoperative findings confirmed the preoperative imaging in 154 cases out of 160 (96.25%). This led to the conclusion that the type of acetabular defect according to this classification system can be anticipated by preoperative imaging; however, meticulous preoperative planning based on X‑ray radiographs must be carried out. In addition, a CT scan must be performed as standard preoperative diagnostic procedure whenever type III or type IV defects are anticipated. This classification system is mainly based on the intraoperative assessment of the bony configuration of the acetabulum and the key criterion whether a 3-point fixation of an acetabular cup is technically possible within the boundaries of the acetabular wall. Hence, it directly relates the bony configuration of the acetabulum left for re-implantation with the type of revision acetabular component to be used. This provides correct intraoperative re-evaluation and definitive choice of the necessary implants.

The AAOS classification \[[@CR3]\] gained wide acceptance in daily practice. Yet, it was assessed by Gozzard et al. as "poorly reliable" \[[@CR10]\].

The present classification system is pragmatic. Types I and II of the classification widely conform to the AAOS classification. The difference lies in the fact that it focuses on treatment and hence on the possibility of 3‑point fixation within the boundaries of the acetabular wall, regardless of the descriptive localization of the bony defect. In contrast to the AAOS classification, type III of this classification system includes those cases in which severe bone loss and/or pelvic discontinuity prevents a 3-point fixation within the boundaries of the acetabular wall. In these cases, additional fixation outside the boundaries of the acetabular wall becomes necessary. Type IV of this classification system introduces an entity with a magnitude of bone loss that exceeds the one described in type IV of the AAOS classification. This newly introduces entity of pelvic discontinuity and major bone loss cannot be adequately treated by conventional revision cups. In this case, a custom-made partial pelvic replacement must be carried out.

In light of the abovementioned classification systems and analyses, it can be stated that this classification system is practicable and pragmatic. It simplifies the assessment of bone defects and is useful to preoperatively evaluate acetabular defects and thus enable proper preparation in terms of surgical approach and necessary implants. Furthermore, this classification system is mainly based on the intraoperative assessment of the bony configuration of the acetabulum and the key criterion whether a 3-point fixation of an acetabular cup is technically possible within the boundaries of the acetabular wall. Hence, it directly relates the bony configuration of the acetabulum left for re-implantation with the type of revision acetabular component to be used. This provides proper intraoperative re-evaluation and definitive choice of the necessary implants; however, this study did not evaluate the reliability of this classification system, which is a limitation. Finally, revision arthroplasty after THR must be performed in centers with sufficient infrastructure and experienced surgeons who can deal with complex situations of acetabular bone defects.

Conclusion {#Sec5}
==========

Many classification systems of acetabular bone defects already exist. Some of them are widely accepted but each has its strengths and limitations. The advantage provided by this new classification system lies in its simplicity and practicability. It directly relates to surgical management options. The proposed classification system is helpful, in particular, for ongoing documentation, for prospective investigations and for the handling of scientific analysis.

AAOS

:   American Academy of Orthopedic Surgeons

AP

:   Anteroposterior
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ICD10
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OECD

:   Organization of Economic Cooperation and Development

SOP

:   Standard operating procedure

THA

:   Total hip arthroplasty

THR

:   Total hip replacement
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